The mechanical properties of the so-called 'super' carbon nanotubes (STs) are investigated using classical molecular dynamics simulations. The STs are built from single walled carbon nanotubes (SWCNTs) connected by Y-like junctions forming an ordered carbon nanotube network that is then rolled into a seamless cylinder. We observed that the ST behavior under tensile tests is similar to the one presented by fishing nets. This interesting behavior provides a way to vary the accessible channels to the inner parts of STs by applying external mechanical load. The Young's modulus is dependent on the ST chirality and it inversely varies with the ST radius.
INTRODUCTION
Many attempts have been made in order to develop procedures to controllably assemble large number of single walled carbon nanotubes (SWCNTs) in terms of position and orientation [1, 2, 3, 4, 5, 6] . The achievement of such procedures would allow the fabrication of ordered SWCNT networks representing a breakthrough in the "bottom-up" manufacturing approach. These ordered networks would open possibilities to design new materials with desirable electronic and mechanical properties.
Recently, the structure of the so called 'super' carbon nanotubes (STs) was proposed [7] ( Figure 1 ). This structure can be generated from an ordered carbon network based on the honeycomb symmetry, generically named super-graphene, which is heuristically constructed replacing the carbon-carbon bonds of the graphene architecture by single walled carbon nanotubes (SWCNTs) and the carbon atoms by Y-like junctions. The associated STs can be then generated by rolling up super-graphene sheets. Similarly to a (n,m) SWCNT [8] and characterized by the (n,m) SWCNT used to form them, the necessary junctions to join consecutive SWCNTs, and the distance between these junctions. The ST construction is not limited to carbon nanotubes and to the honeycomb symmetry, and it represents a three-dimensional network of nanotubes. It can be applied to other tubular structures and to different symmetries through the use of other junction types (X-or T-junctions, for example). Romo-Herrera et al. has expanded this method of super structure construction to build two-and three-dimensional structures connecting SWCNTs with appropriate junctions to form super-square, super-cubic, and super-diamond structures [9] .
Hierarchical structures [10] can be build generalizing the procedure to construct STs leading to higher order hierarchical STs. The lowest order ST (ST (0) ) is the SWCNT, representing the building block for the next order, i.e., ST (1) . A ST of order k can be recursively made of STs of the previous order k − 1 (ST (k−1) → ST (k) ) leading to a selfsimilar structure [7] . The electronic structure of some ST (1) s has been determined by tightbinding calculations [7] showing a very rich (either metallic or semiconducting) behavior depending on the (n,m) SWCNT used in the ST construction. In this work we have used fully atomistic simulations to determine the mechanical properties of ST (1) s under impact load. The derived mechanical properties, such as Young's modulus and tensile strength, 2 were estimated for larger (e.g., higher-order) STs using scaling laws related to the ST fractal dimension [11] . Using these laws it was predicted that the material efficiency (index of the optimization between strength and toughness) presents a maximum when the zigzag ST order is k 2 [11] , which is similar to the case of nacre [12, 13] . Recently Pugno [11] has suggested the use of STs as hierarchical fibre-reinforcements embedded in a soft matrix for producing bioinspired synthetic 'super'-composites.
A direct route to produce ST is beyond our present technological capabilities. Progress in synthesis of pure SWCNT with well defined diameter and chirality is also needed to allow the production of pure STs. Baughman et al. have proposed a strategy based on topochemical reactions which can lead to the synthesis of specific SWCNTs [14] . Recent advances in the controlled fabrication of ordered carbon nanotubes networks [1, 2, 3, 4, 5, 6] can help on the development of techniques suitable to produce STs. It is encouraging that complex structures involving even more complex molecules, like DNA, can currently be produced [15] .
Mechanical properties of super-graphene have been studied using the finite element method [16] . The structures were composed by (15, 15) SWCNTs of length of 20 nm arranged in a honeycomb configuration. These studies revealed that those structures have great flexibility and a remarkable capability of force transferring [16] . Fully atomistic simulations are not feasible for such huge structures modeled by finite element method, but they can be used to investigate networks formed by shorter SWCNTs and with a higher density of junctions. In those cases, the changes of angles between SWCNTs during mechanical deformations can be larger than the ones observed in larger structures. We show here that these large angle changes are of fundamental importance in the rupture process during tensile deformations in STs. were connected using junctions constructed with 5-and 8-membered rings [17] . Chiral STs Classical molecular dynamics simulations were used to carry out ST tensile tests. The interactions between carbon atoms were described by the adaptive intermolecular reactive empirical bond-order potential developed by Stuart et al. [18] . This potential is similar to the reactive potential developed by Brenner [19] but it incorporates by suitable modifications the non-bonded interactions through an adaptative treatment of the intermolecular interactions.
In order to prevent the overestimation needed to break a carbon-carbon covalent bond, that it is a known problem occurring with Brenner potential due to the functional form of the cutoff function [20, 21] , we have increased the covalent interaction cutoff distance from 1.7 to 1.95Å [22] . During the molecular dynamics simulations the Newton's equations of motion were integrated with a third-order Nordisieck predictor corrector algorithm [23] using a time step of 0.5 fs.
We have carried out simulations of tensile tests in situations of impact load, i.e., the atoms on the ST extremities were moved along the axial directions with a speed of 10 m/s ( Figure   1 ). In order to investigate thermal effects on the tensile behavior of STs, the Berendsen's thermostat [24] was applied to all remaining atoms. Tensile behaviors for two different temperatures (300 K and 1000 K) were analyzed. From the initial stages of the tensile tests, We can see that the Young's modulus of STs decreases with the increase of the ST radius for fixed N and M values. This behavior can be expressed through the relation
) which reasonably fits the atomistic results as shown in Figure 2 . We have chosen R 0 as being the radius of a given ST. In Table 1 are presented the fitted values of the parameters E 0 and β. The E maximum value obtained was about 400 GPa for a [6, 6] Table 1 .
increasing the length l of the constituent SWCNTs. For STs formed with longer SWCNTs, the high bending flexibility of these SWCNTs is transfered to the behavior of STs. The mechanical behavior is similar to one presented by a fishing-net. It is relatively easy to deform the net up to a large elongation. This happens due to the flexibility of net arms and the small bending modulus at the junctions. The elongation occurs until the junction angles are in their maximum apertures. After this point the mechanical behavior is due to the mechanical properties of the (stiff) arms themselves. An investigation using finite element methods for ordered carbon nanotube networks formed by long SWCNTs (length of 20 nm)
have revealed that such structures have indeed great flexibility [16] .
Using our procedure for tensile tests the Young's modulus for the (8,0) SWCNT was about 850 GPa. This value is in agreement with values obtained in other theoretical simulations using Brenner potential [29] but it is about 15% smaller than the reference value of 1 TPa obtained for SWCNTs [30] . Thus, the absolute values derived for the mechanical properties of STs must be considered with caution and analyzed comparatively in terms of the values obtained for the constituent (8,0) SWCNT. For chiral STs, where a mixed ST structure between armchair and zigzag STs is presented, we have observed a mixed behavior. Figure 6 shows the evolution of strain energy of a chiral This can be seen from the small reduction ∼15% of the tensile strength when the structure radius increases by a factor ∼10. Interestingly, the SWCNT arrangement in chiral STs leads to an opposite behavior of tensile strength and breaking strain. Both quantities present larger values for 1000 K than 300 K.
In order to quantify the energy absorption capacity of STs during impact loads we have calculated the fracture toughness (K c ), the fracture energy (G f ), and the dissipated energy per unit mass or toughness (D e ). The fracture energy (per unit area) is the area under the propriate to characterize ductile materials, for which the dissipation is distributed on their volume; for brittle materials the fracture energy is more appropriate since the dissipation is localized on the cracked surface. Table 3 presents the values obtained for some STs.
The investigated STs presented fracture toughness of ∼5 MPa m 1/2 , fracture energy of ∼100 N/m, and dissipated energy during tensile strain of ∼5 KJ/g. These values are comparatively about 5, 8, and 2 times smaller than the ones presented by the (8,0) SWCNT at 300 K, respectively. We can also see that for STs these quantities are less sensitive to temperature increase than in the SWCNT case. These results suggest that STs can be used in applications that require the maintenance of mechanical properties when high temperature variations are expected, such as fuselage protection for spacecrafts.
Recently carbon nanotube fibres comprising SWCNTs in a polymer matrix were produced showing a toughness of 570 J/g [33] that is higher than the one presented by spider dragline silk (165 J/g [34] ), Kevlar (33 J/g [34] ) and graphite fibres (12 J/g [35] ). Using the estimated reduction (∼50 %) of toughness presented by STs compared to (8,0) SWCNTs at 300 K (Table 3) we can roughly estimate a real toughness value for STs as ∼570/2 = 285 J/g. According to Pugno [11] , one of the most promising mechanical application of STs would be as multiscale fibre-reinforcements in tough matrices, mimicking bioinspired hierarchical materials, as bone, dentine (both having 7 hierarchical levels) or nacre (2 hierarchical levels). Note that a ST-based composite could be even more tough than the nanotubebased counterpart. This is mainly due to its multiscale topology, which could be able to activate toughening mechanisms and stop cracks at all the size-scales. This is observed in super-tough hierarchical biomaterials, such as bone, dentine or nacre. His analysis suggests that two-hierarchical levels STs would be the optimum for producing "super"-composites (as exhibited by nacre in Nature). The optimization will be activated by the synergy between strong fibres and tough matrix, activating toughening (e.g., fibre pull-out) mechanisms.
Therefore, our calculations, resulting in strengths of several GPa and toughness of ∼280 J/g, suggest that super-composites based on STs could be competitive with super-tough carbon nanotube fibres (strength of 1.8 GPa and toughness of 570 J/g [33] ), spider silk (strength of 1.8 GPa and toughness of 163 J/g [33] ), and Kevlar (strength of 3.6 GPa and toughness of 33 J/g [34] ) even if longer fibres are expected to be weaker [36] .
Atomistic simulations have been carried out only for (8,0) SWCNTs (ST (0) ), zigzag, armchair, and chiral STs (ST (1) ). However, the derived mechanical properties, such as Young's modulus and tensile strength, can be estimated for higher-order self-similar STs, following the procedure proposed in [11] , i.e. introducing appropriate scaling laws. In particular, the Young's modulus E for a ST of radius R is expected to scale according to [11, 37] , as confirmed by our fittings reported in Figure 2 (see Table 1 ).
Similarly, for the tensile strength σ we expect σ ≈ σ 0 (R/ (2) are based on the hypothesis of geometrical self-similarity, i.e., the number and cross-sectional area fraction of SWCNTs inside the ST (1) are the same of those of ST (1) s inside the studied ST (2) .
SUMMARY AND CONCLUSIONS
The mechanical properties of the so-called 'super' carbon nanotubes (STs) are investigated using classical molecular dynamics simulations based on reactive empirical bond-order potential. From tensile tests of impact loads, we have found that STs are more flexible than the SWCNT used to form them but, in some cases, they show comparable tensile strengths.
The STs Young's modulus have been predicted to have an inverse proportionality with the ST radius. During tensile deformations the shape and aperture of pores in ST sidewalls can be modified providing a way to vary the accessible channels to the inner parts of STs through the application of mechanical loads. The ST rupture occurs basically at regions near the SWCNT junctions and it is influenced by the ST chirality. The investigated STs presented values of fracture toughness, fracture energy, and dissipated energy that are about
